Secreted Frizzled Related Proteins (SFRPs) are a family of soluble molecules structurally related to the Wnt receptors. Functional analysis in different vertebrate species suggests that these molecules are multifunctional modulators of Wnt and possibly other signalling pathways. Sfrp1 a member of this family, is strongly expressed throughout embryonic development in different vertebrate species. Its function is, however, poorly understood. To address the role of this protein at early stages of embryonic development, we have used the medaka fish (Oryzias latipes) as a model system. Here, we describe the characterisation and the expression analysis of olSfrp1. We also show that morpholino-based interference with olSfrp1 expression results in embryos with a reduced eye field, a phenotype that, in the most affected embryos, is associated with a shortening and widening of the A -P axis. Because the expression of posterior diencephalic markers is unchanged but that of rostral telencephalic ones is expanded, we propose that olSfrp1 is needed for a proper establishment of the eye field within the forebrain. In addition, olSfrp1 may contribute to the control of mesodermal convergence extension movements that take place during gastrulation. q
Introduction
The Secreted Frizzled Related Proteins (SFRPs) are soluble molecules of about 36 kD structurally related to Frizzled, a family of serpentine receptors that mediate Wnt signalling. Their characterisation stems from the initial and independent discovery of Frzb as a factor contained in bovine cartilage (Hoang et al., 1996) and in the Xenopus gastrula organiser (Leyns et al., 1997; Wang et al., 1997) . Analysis of Frzb structure and function showed that this molecule could bind and antagonise the activity of Xwnt8 (Leyns et al., 1997; Wang et al., 1997) and Wnt1 thanks to its N-terminal cystein-rich domain (CRD) homologous to the CRD Wnt ligand binding domain of the Frizzled proteins. These initial observations imposed the idea that SFRPs are inhibitors of Wnt signalling, that recruit the ligand in the extracellular space preventing the receptor activation. However, biochemical and functional analysis of newly identified family members has demonstrated that SFRPs can also interact with heparin and heparan sulphate proteoglycans (Finch et al., 1997; Uren et al., 2000) , potentiate Wnt activity (Uren et al., 2000) , homodimerize (Bafico et al., 1999) , and, more interestingly, bind to the Frizzled receptors (Bafico et al., 1999; Dann et al., 2001) , opening alternative interpretations for SFRP function (Kawano and Kypta, 2003) .
Currently, the SFRP family is composed of five different members in mammals and a few additional homologues, all identified in other vertebrate species with the exception of a single gene found in the sea urchin (Kawano and Kypta, 2003) . Expression analysis in zebrafish, Xenopus, chick and mouse embryos has shown that these molecules are widely expressed throughout development with patterns that, in some cases, are complementary to those of Wnt. In the context of Wnt signalling antagonism, SFRPs have been implicated in the control of axis formation in Xenopus embryos (reviewed in Kiecker and Niehrs, 2001) , somite development (Borello et al., 1999; Lee et al., 2000) , regulation of apoptosis (Melkonyan et al., 1997; Ellies et al., 2000) and kidney and heart formation (Lescher et al., 1998; Schneider and Mercola, 2001 ). In addition, using a morpholino-based knock-down approach, it has been shown that Tlc is essential for the specification of the telencephalon in zebrafish (Houart et al., 2002) .
Interestingly, there is also evidence for SFRP expression independent of Wnt distribution like in the mouse telencephalon where Sfrp1 and Sfrp3 are localised with opposing gradients (Kim et al., 2001) . In addition, different SFRPs seem to act antagonistically on the same process, as in the case of Sfrp1 and Sfrp2 in apoptosis regulation (Melkonyan et al., 1997) or kidney development, where both molecules are co-expressed in the metanephron (Yoshino et al., 2001 ). However, while SFRP1 blocks kidney tubule formation and bud branching in culture, SFRP2, which expression depends on Wnt4 (Lescher et al., 1998) , prevents SFRP1 inhibition (Yoshino et al., 2001) . Similarly, frzb2 over-expression in Xenopus embryos inhibits head formation while that of crescent or sizzled2 causes cyclopia and expansion of the head, respectively (Bradley et al., 2000; Pera and De Robertis, 2000) . Moreover, morpholino-mediated inactivation of Sizzled in Xenopus and analysis of the corresponding ogon/Sizzled mutant in zebrafish suggests that this protein is required as a negative regulator of ventral mesoderm through a Wntindependent mechanism (Collavin and Kirschner, 2003; Yabe et al., 2003) , possibly consisting in the control of Bmp signalling (Yabe et al., 2003) .
All of these data indicate that SFRPs are key regulators of vertebrate development with functions and mechanisms of action that still need to be uncovered. One step forward towards the analysis of the precise role of each of these proteins would be the availability of vertebrate models in which SFRP function is abrogated. However, data on the phenotype of SFRP null mice have not been presented yet and ogon/Sizzled is the only characterised zebrafish mutant, whose responsible gene is a member of the SFRP family (Yabe et al., 2003) . In this context, insights on the requirement of SFRP activity have been provided by morpholino-based knock-down approaches as in the case of Sizzled (Collavin and Kirschner, 2003) or Tlc (Houart et al., 2002) .
As a result of the search for molecules that might regulate early eye development, we isolated the chick homologue of Sfrp1 (Esteve et al., 2000) . cSfrp1 is expressed with a centro-peripheral gradient in the developing retina, where it contributes to neurogenesis with a mechanism independent from the canonical Wnt signalling pathway (Esteve et al., 2003) . cSfrp1 is also strongly expressed in the anterior neural plate, including the eye field (Esteve et al., 2000) . To determine whether Sfrp1 has an earlier function in eye development we have now turned to the medaka fish, which has been successfully used as an amenable model system to study vertebrate eye formation (Loosli et al., 1999; Loosli et al., 2001; Carl et al., 2002; Lopez-Rios et al., 2003) .
Here, we describe the characterisation and the expression analysis of olSfrp1. We also show that morpholinomediated knock-down of olSfrp1 induces a severe reduction in the expression domains of eye field markers. In the most affected embryos, this phenotype is associated with a shortening and widening of the A -P axis. Because expression of posterior diencephalic markers is unchanged but that of rostral telencephalic ones is expanded, we propose that olSfrp1 is needed for the segregation of the eye field and the telencephalon within the forebrain.
Results

Identification and expression analysis of medaka Sfrp1
To study the early role of Sfrp1 during vertebrate development, we sought to isolate the medaka orthologue of Sfrp1. A search in the medaka EST databases (MeBase, mbase.bioweb.ne.jp) indicated that the clone OLa30.08d might correspond to olSfrp1. The clone, kindly provided by Dr Naruse (Medaka EST project at the University of Tokyo), was entirely sequenced (Genebank accession number AY560904) and its sequence compared to those of other known vertebrate homologues. This comparison together with phylogenetic analysis of all the known family members, identified this medaka gene as the orthologue of the chick, mouse and human Sfrp1 (Fig. 1) . Although there are other SFRP family members identified in fish, only the function of two of them, zTlc (Houart et al., 2002) and zSizzled (Collavin and Kirschner, 2003; Yabe et al., 2003) , has been addressed. These two genes are related to one another but belong to a subgroup of the family different from that of olSfrp1 (Fig. 1) .
In situ hybridisation analysis was used to determine the expression domain of olSfrp1 during medaka development. Although a faint signal is observed also earlier, a clear expression of olSfrp1 can be detected only at early gastrula stages in the dorsal region of the embryo ( Fig. 2A) . A few hours later, in mid-gastrula embryos (50% epiboly), olSfrp1 transcripts are restricted to the epiblast, leaving the shield/ axial and paraxial mesoendodermal tissue free of expression (Fig. 2B) . At the end of gastrulation, olSfrp1 expression accumulates in the future mid -hindbrain boundary (MHB) and in the anteriormost region of the neural plate (Fig. 2C) . As neurulation proceeds, olSfrp1 is expressed in the forebrain (Fig. 2D ) and is later on excluded from the optic vesicles as their evagination is completed (Fig. 2E) . A second wave of olSfrp1 expression in the eye takes place in the central neural retina at optic cup stages (Fig. 2F) , in a pattern similar to that described for chick Sfrp1 (Esteve et al., 2003) . Additional expression is seen in the telencephalon, MHB, rhombencephalon, otic vesicles, spinal cord and somites. Interestingly, olSfrp1 expression is excluded from the presomitic mesoderm. Finally, during eye organogenesis, olSfrp1 mRNA are localised to the optic disc and nerve (Fig. 2G,H) .
Interference with olSfrp1 expression disrupts anterior neural plate patterning
To determine the function of olSfrp1 during development, we interfered with its expression using a morpholino-based knock-down approach. Two morpholinos, Mo1 and Mo2, targeted against the 5 0 UTR region were tested for their blocking efficiency using a reporter mRNA, where the GFP coding sequence was fused to the 5 0 UTR of the olSfrp1 messenger (Fig. 3A) . Co-injections of this mRNA together with each Mo revealed that Mo1 nearly abrogated GFP expression from the reporter mRNA, while Mo2 was less effective (Fig. 3B -D) . Co-injections of Mo1 and Mo2 did not enhance the interference efficiency observed with Mo1 alone. In contrast, a control Mo (cMo) with five mismatches did not significantly interfere with GFP expression from the reporter mRNA (Fig. 3E ). cMo and Mo1 were used for the subsequent studies.
When compared to control embryos (Fig. 4A) , olSfrp1 morphants displayed a shorter and wider primary axis and an abnormal morphology of the forebrain, characterised by a severe reduction in the size of the optic vesicles (Fig. 4B ). These two features appeared together in 30% of the Mo1-injected embryos (Table 1) .
To characterise the nature of the morphant phenotype, we analysed the expression of molecular markers for a variety of embryonic territories. We first addressed whether mesodermal tissue was specified and correctly placed during gastrulation. Ntl/Brachyury is expressed at the end of gastrulation in both the posterior axial and ventro-lateral mesodermal populations (Schulte-Merker et al., 1994) (Fig. 4C) . In MoSfrp1-injected embryos, both these Brachyury-positive domains were present but the axial population appeared compressed (Fig. 4D ). In agreement with a general reduction of their axis extension, olSfrp1-morphants showed also a shorter and wider expression domain for Goosecoid, which, at this stage, demarcates the anterior axial mesoendoderm (Schulte-Merker et al., 1994) (Fig. 4E,F) . At subsequent stages, notochord tissue, marked by FoxA2, which also stains the anteriormost endomesoderm, maintained a shorter and wider appearance in the Mo1-injected, as compared to cMo-injected embryos (Fig. 5A,C) . Therefore, based on the expression of Bra, Gsc and FoxA2, interference with Sfrp1 expression impairs mesodermal extension along the AP axis, but does not affect the identity of the different mesodermal or endodermal (as determined by Gata6 expression, not shown) populations.
At late gastrula stage, Otx2 is expressed in the anterior neural plate up to the future MHB. Although Otx2 seems to determine the neural plate region competent to originate the eye field, its expression is normally down-regulated in the eye anlage as this is established ( Fig. 4G ; (Loosli et al., 1998; Andreazzoli et al., 1999; Zuber et al., 2003) . Interestingly, olSfrp1 morphants did not show this downregulation ( Fig. 4H ) and a few hours later, they presented a strong decrease in the expression of both Rx3 (Fig. 5A -C) and Six3 ( Fig. 5D -F) , two genes whose involvement in eye field specification and optic vesicle morphogenesis has been extensively documented in vertebrates (Loosli et al., 1999 (Loosli et al., , 2001 Carl et al., 2002; Lagutin et al., 2003; Lopez-Rios et al., 2003) . Interestingly, when compared to control embryos (Fig. 5A,D) , a significant number of Mo1-olSfrp1-injected and Six3-or Rx3-hybridised embryos (30/68, 44%) displayed severe reduction or absence of the expression of both markers. Half of these embryos had no apparent difference in the length of the axial mesoderm (Fig. 5B,E) , while the remaining (16/68, 24%) presented also a shorter FoxA2-positive axis (Fig. 5C ). These phenotypes were not associated with an increase in apoptotic cell death, as determined by TUNEL staining (data not shown). A low concentration of olSfrp1 mRNA (15 ng/ml) was sufficient to counteract the Mo1-induced reduction of the eye field (data not shown; see Supplementary material).
Because the overall size of the forebrain at late neurula stage is similar in olSfrp1 morphants and control embryos, we asked whether the reduction of the prospective eye territory may be compensated by the enlargement of adjacent brain regions. Interestingly, we found that, in Mo1-olSfrp1 injected embryos, the prospective rostral telencephalic domain, marked by the expression of Fgf8 was significantly enlarged (Fig. 5H) and, in the most extreme cases, encompassed the entire forebrain (Fig. 5I) . A similar expansion was also observed in the rostral domain of Emx1 expression (Fig. 6E ), which at this stage, marks the telencephalic and dorsal diencephalic territories (Fig. 6A ). Interestingly, the band of diencephalic Emx1 expression was similar in control and Mo1-treated embryos (Fig. 6A ,E). Consistent with this observation and with the idea that olSfrp1 activity does not influence the organisation of more posterior brain regions, no variations were observed between the two embryo populations in the expression domains of Wnt11 and Engrailed2 (En2), that label the caudal diencephalon and the midbrain, respectively (Fig. 6C,D,G,H) . Altogether, these data indicate that olSfrp1 is necessary for the correct segregation of the anterior forebrain in ocular and telencephalic territories but its activity is not directly involved in the establishment of more caudal brain regions. In support of this interpretation, the extension of the Pax6 expression domain, expressed in both the eye and the caudal telencephalon, was comparable in both controls and olSfrp1 morphants. However, a closer look revealed that the telencephalic domain was expanded at the expenses of the eye domain (Fig. 6B,F) .
olSfrp1 gain-of-function induces truncations of the posterior axis and expansion of the eye territory
If our interpretation of the above results was correct, then over-expression of olSfrp1 should include the expansion of the eye field.
In Xenopus, over-expression of different SFRP family members, including FrzB, FrzA, Sizzled and Sizzled2, leads to variable degrees of embryo dorso-anteriorisation, interpreted as an acquisition of dorsal fates at the expense of the ventro-lateral domains, due to their antagonism with Wnt8 marginal activity (Leyns et al., 1997; Salic et al., 1997; Wang et al., 1997; Xu et al., 1998; Bradley et al., 2000) . Consistent with these data, olSfrp1 mRNAinjected embryos presented a dose-dependent and general dorso-anteriorised phenotype characterised by an enlarged head and loss of posterior structures (Table 1 ; Fig. 7) . At early stages, the expression of mesodermal markers was severely affected in olSfrp1 mRNA injected embryos. In most cases, FoxA2-positive axial mesodermal tissue was spread laterally (Fig. 8A,B) , leading, at later stages of development, to axial duplications, as determined by Shh expression (Fig. 8K,L) . These defects were associated to the loss of tissue with posterior identity, as shown by the reduced expression of Brachyury (Fig. 8I,J) and the loss of the posterior domains of Pax6 and Fgf8 expression (Fig. 8C -F) . Concomitantly, the domains of Rx3, Six3 (not shown) and anterior Pax6 expression were dramatically expanded, when compared to control embryos ( Fig. 8A -D) . In the most affected embryos, these domains occupied the entire anterior neural plate without leaving any anterior negative tissue. Surprisingly, this expansion did not correlate with a restriction in the expression domain of Fgf8 and Emx1, which were instead expanded, overlapping with the localisation of Rx3 and Six3 (Fig. 8E -H) .
Discussion
To asses possible specific roles for SFRP family members, we have asked here whether and how Sfrp1 contributes to the early development of the vertebrate embryo, using the medaka fish as a model system. We have isolated olSfrp1 and shown that as in mouse and chick (Leimeister et al., 1998; Esteve et al., 2000) , it is expressed with a widespread pattern since early stages of embryonic development, including the neural ectoderm, where it becomes restricted to the anteriormost region at the end of gastrulation. Consistent with this expression, we show that knock-down of olSfrp1 leads to impairment of forebrain formation characterised by a strong reduction of the eye field size and an expansion of cells with telencephalic characteristics. In the most severely affected embryos, these features are associated with a shorter and wider axial mesoderm.
The specification of the eye field and its segregation from other anterior tissues starts at neural plate stages soon after Medaka embryos were injected into one blastomere at the two cell stage. Phenotype and numbers are referred to embryos analysed at the optic vesicle stage. For the Mo injections: strong phenotype, greatly reduced optic vesicles and shorter and wider primary axis; Mild phenotype, moderate reduction in the optic vesicle size or axis length. For the overexpression: Strong phenotype, expansion of anterior tissues together with total absence of posterior tissue; mild, moderate anterior expansion without complete loss of posterior structures.
Fig. 5. olSfrp1 morphants present altered expression of eye and telencephalic markers. Dorsal views of embryos at late gastrula (A-F) and late neurula (G-I) injected with cMo (A,D,G) or Mo1 (B,C,E,F,H,I). Embryos in (A-F) have been doubly hybridised with probes for
Rx3 and Six3 (red) and FoxA2 (blue), while those in (G,I) for Fgf8. Note the reduction of the intensity and of the area occupied by Six3 and Rx3 expression domains. In the most severely affected embryos expression is completely lost (C) in association with a shorter A-P axis. (G-I) At late neurula stages, expression of the telencephalic marker Fgf8 is expanded in Mo1-Olsfrp1 injected embryos (arrows) while the MHB and adjacent expression domains are compressed. the ectoderm of mid-gastrula embryos has acquired neural competence (Nieuwkoop, 1963; Saha et al., 1992; Grinblat et al., 1998) . This specification is associated with changes in the expression of a number of transcription factors, including Otx2, Pax6, Six3, Rx1-3 (Simeone et al., 1993; Grindley et al., 1995; Mathers et al., 1997; Andreazzoli et al., 1999; Chow et al., 1999; Loosli et al., 1999; Chuang and Raymond, 2001; Loosli et al., 2001) , which all cooperate to define the eye domain (Zuber et al., 2003) .
Although signals from the underlying meso-endoderm may contribute to eye field establishment (Rubenstein and Beachy, 1998; Schier, 2001) , it is not clear what makes cells of the anterior neural plate proceed in the eye developmental pathway versus other fates. It has been proposed that in Xenopus embryos inhibition of BMP signalling is a critical step in this process (Moore and Moody, 1999) . We believe that the analysis of olSfrp1 morphants provides evidence that Sfrp1 activity is an additional factor necessary for this decision. In olSfrp1 morphants, the expression of Otx2, which is normally downregulated in the cells that compose the eye field, is maintained, while that of Six3 and Rx3 is strongly downregulated or absent. These changes result in embryos whose optic vesicle size is very reduced, without profound alterations of the overall forebrain dimension. As in olSfrp1 morphants, medaka embryos lacking either Rx3 or Six3 activities do not form the optic vesicles by evagination, although expression of the eye gene Pax6 is still present (Loosli et al., 2001; Carl et al., 2002) , as in this case. Given these similarities, it is possible that olSfrp1 activity may control the coordinate expression of Six3 and Rx3 and that olSfrp1-Mo1-induced phenotype might be the result of their simultaneous down regulation. In this respect, a feedback loop between Six3 and Wnt signalling has been proposed in mice (Lagutin et al., 2003) . At odds with the medaka Six3 or Rx3 loss-of-function phenotype, olSfrp1 down-regulation results in the expansion of telencephalic but not diencephalic or mesencephalic gene expression. Because the overall size of the forebrain is grossly maintained, the coordinate alteration in the expression of transcription factors (Otx2, Six3, Rx3) normally involved in eye formation, would allow the up-regulation of telencephalic genes in cells of the eye anlage, modifying their final fate.
Alternatively, cells that normally contribute to the eye field would now segregate with telencephalic cells, due to altered morphogenetic cell movements at the onset of anterior neural plate patterning (Kenyon et al., 2001 ). Both possibilities imply that olSfrp1 is necessary for the proper segregation of the eye and telencephalic precursors. Furthermore, this data builds on the idea that local expression of Wnt antagonists is required for the progressive specification of the anterior neural plate (Grove, 2002; Houart et al., 2002; see below) .
In line with these ideas, over-expression of olSfrp1 leads to a dramatic enlargement of the domains of Six3 and Rx3 expression, which is, however, associated to an expansion of telencephalic markers. This might be interpreted as if an optimal concentration of Sfrp1 activity is necessary to establish the correct size of the telencephalic field. Alternatively, telencephalic expansion is only apparent and secondary to axial mesodermal alteration and anterior duplication (Fig. 7L) , a phenomenon that we consider independent from the activity of Sfrp1 in the regulation of forebrain development. In support for a spatio-temporal separate activity of olSfrp1 in axial mesodermal cell movement and forebrain patterning, we have shown the gsc-and FoxA2-positive prechordal mesoendodermal cells (a source of vertical signals that promote anterior CNS fates, Fig. 7 . Morphology of olSfrp1 mRNA injected embryos at two (B) and three days of development (D), compared to wild-type embryos (A,C). Note the enlargement of the head and the loss of trunk and tail structures (arrows) upon olSfrp1 over-expression. reviewed in Schier, 2001 ) are present, albeit compressed, in olSfrp1 morphants. Furthermore, at gastrula stages the reduction of eye field is the most common feature of olSfrp1 morphants, that occurs also in the presence of an apparently normal A -P axis. This suggests that eye abnormalities are a likely consequence of olSfrp1 activity emanating from the anterior neural plate, although we cannot totally exclude that mesoderm signalling properties are unaltered upon olSfrp1 interference.
The variable degree of axial abnormalities observed in olSfrp1 morphants are, in our interpretation, the result of an early function of olSfrp1 according to its expression in the epiblast of gastrulating embryos. A possible interpretation is that, in olSfrp1 morphants, the prechordal plate displays a reduced anterior migration, precluding the extension of more posterior axial mesendodermal tissues and thus leading to embryos with shorter and broader axis. An alternative possibility is that olSfrp1 might contribute to establish a proper graded activity of the Wnt/Planar Cell Polarity (Wnt/PCP) signalling pathway, which is crucial for convergent extension movements that allow latero-medial narrowing and rostro-caudal extension of the embryos during gastrulation (Heisenberg and Tada, 2002) . Thus, Mo1-olSfrp1-injected embryos have a shorter and wider A -P axis, a phenotype similar to that observed in zebrafish mutants or morphants for different components of the Wnt/PCP pathway, including Wnt11, Wnt5a, Fz2, Fz7, trilobite or knypek (kny) (rev. in Heisenberg and Tada, 2002; Myers et al., 2002) . The axial phenotype of kny seems especially similar to that of the olSfrp1 morphants. kny mutants, defective in a heparan sulphate proteoglycan of the glypican class, show antero-posterior shortening and medio-lateral expansion of the axis (Marlow et al., 1998; Topczewski et al., 2001) . Different experimental approaches have demonstrated that, normally, kny potentiates Wnt11 signalling during convergent extension movements (Topczewski et al., 2001) . In an unconventional view, Sfrp1 could behave as kny, synergising with Wnt activity as previously proposed for its mechanism of action (Uren et al., 2000) . In a more conservative scheme, olSfrp1 may insure that appropriate levels of Wnt11 or Wnt5 are available to involuting mesoendodermal cells. This interpretation might be supported by the observation that both loss-and gain-of-function of Wnt11 and Wnt5a lead to comparable axial defects (Myers et al., 2002) . In both cases, and if a specific and physiological interaction between Wnt-SFRP pairs exists as proposed (Kawano and Kypta, 2003) , SFRP1 may serve to modulate Wnt11/Wnt5a mediated signalling. This specificity would be lost when it is ubiquitously over-expressed, as shown in Fig. 7 , where the olSfrp1-mRNA injected embryos present a dorsoanteriorised phenotype with similarities to those observed after injections of large amount of other Sfrp family members and interpreted as a generalised interference with Wnt8/canonical signalling (Leyns et al., 1997; Wang et al., 1997; Xu et al., 1998) .
If the modulation of the Wnt/PCP pathway is a likely function of Sfrp1 during embryonic gastrulation, which is the molecular context of Sfrp1 activity during eye field establishment? Although we have addressed here the consequences of manipulating Sfrp1 expression independently of its relation to any signalling cascade, we would like to propose that the eye phenotype of olSfrp1 morphants may be the result of a local requirement of Sfrp1, again in the context of non-canonical Wnt signalling.
Local control of canonical Wnt activity is at the basis of the model proposed by Houart and collaborators (2002) for the induction of the telencephalon in zebrafish. According to their view, progressive specification of the neural plate in the A -P axis require the repetitive use of graded Wnt signalling. During gastrulation, an early posterior to anterior gradient would divide the neural plate in broad subdivisions corresponding to forebrain, midbrain and spinal cord. Further, refinement of each subdivision would be achieved in a second step by local activation and interaction of specific genes, including members of the Wnt signalling cascade. In this context, they have shown that Tlc, a SFRP family member, secreted from the anterior boundary of the neural plate protects locally the telencephalic field from a Wnt8b gradient established from the posterior diencephalon. Because increasing concentration of Tlc expands telencephalic gene expression in the eye field, they propose that low, intermediate and higher level of Wnt activity may underlie the subdivision of the forebrain in telencephalon, eye field and diencephalon, respectively. If olSfrp1 would act as a canonical Wnt inhibitor in the same direction as tlc, it would be expected that down regulation of its activity led to the expansion of the diencephalon. However, this is not what we observe, since in olSfrp1 morphants telencephalic but not diencephalic markers are expanded. Houart et al. (2002) already noted that their proposed model does not fit well with other observations on the activity of Wnt signalling during eye development. In the zebrafish masterblind (mbl) mutants, defective in the canonical Wnt signalling component Axin1, both the eye and the telencephalon are missing, presumably due to overactivation of Wnt signalling (Heisenberg et al., 2001) . Abrogation of Wnt8b activity in mbl mutants, while rescuing the telencephalon, does not restore eye formation (Heisenberg et al., 2001) . Moreover, Frizzled3 mediated Wnt signalling promotes rather than inhibits eye formation in Xenopus (Rasmussen et al., 2001 ). This suggest that eye formation requires either higher levels or different Wnt activities (or both) than those proposed for telencephalon induction. If olSfrp1 would serve in the unconventional view to potentiate Wnt signalling, then its expression in the anteriormost region of the neural plate and in the future MHB (Fig. 2C) could insure appropriate levels of Wnt11 activity derived from the diencephalon (Fig. 6C) . Wnt11-mediated activation of the PCP pathway would then modulate cell movements/adhesiveness that are at the basis of optic vesicle evagination. Furthermore, appropriate levels of Wnt signalling would control the expression of transcriptional regulators (Otx2, Six3, Rx3, etc.) necessary for eye formation. In this view, down regulation of olSfrp1 would be consistent with a drop of general Wnt activity, allowing the telencephalon to invade the eye field, as we observe. In support of this possibility, Sfrp1 acts independently of Wnt canonical signalling during chick retina neurogenesis (Esteve et al., 2003) and Wnt11 and SFRP1 do co-immunoprecipitate in vitro (P.E. unpublished observations). Furthermore, preliminary Wnt11 overexpression assays in medaka embryos indicates a possible involvement of this protein in eye field formation. Additional ongoing work should allow us to prove or disprove this highly speculative model.
Independently of the mechanism of Sfrp1 action, we believe that our studies provide further evidence that the establishment of the eye and the telencephalic field are strictly linked. Fate map studies in different species have placed the eye field in the anterior neural plate surrounded rostrally and laterally by telencephalic precursors and caudally by the diencephalic territory (Eagleson et al., 1995; Woo and Fraser, 1995; Inoue et al., 2000; Cobos et al., 2001; Fernandez-Garre et al., 2002) . Although a revised model of CNS regionalisation associates the rostral diencephalon and the telencephalon including the eye in single histogenic field (Puelles and Rubenstein, 2003) , it was originally argued that the telencephalon and eye constitute a single unit different from that originating the diencephalon . Taking in consideration the phenotype of olSfrp1 and Tlc morphants, (Houart et al., 2002 ; this study), it could be envisaged that the initial refinement of the forebrain would lead to the separation of the diencephalon from the combined eye and telencephalic territory. Additional tuning, implicating Sfrp1 activity, would allow separation of the eye and the telencephalic precursors.
Experimental procedures
Medaka stocks
Fish were maintained in an in-house facility in a constant re-circulating system at 28 8C on a 14 h light/10 h dark cycle. Wild-type Oryzias latipes of the cab strain were originally obtained from the lab of Dr J. Wittbrodt (EMBL, Heidelberg, Germany). Embryos were staged according to Iwamatsu, 1994. 
Whole-mount in situ hybridisation
Whole-mount in situ hybridisation was performed in medaka embryos as described previously using digoxigenin and fluorescein labelled riboprobes (Loosli et al., 1998) . The cloned cDNAs of the medaka Sfrp1, Six3, Pax6, Rx2, Rx3, Fgf8, Emx1, FoxA2, Brachyury, Goosecoid, Otx2, En2, Shh and Wnt11 were transcribed for RNA anti-sense riboprobes (Köster et al., 1997; Loosli et al., 1998; Carl and Wittbrodt, 1999; Loosli et al., 1999; Ristoratore et al., 1999; Winkler et al., 2000; Loosli et al., 2001) . Wnt11 probe corresponds to the MF01SSA066D03 EST kindly provided by Dr Takeda (University of Tokyo). For each marker and condition a minimum of 40 embryos were hybridised.
Morpholino injections
Morpholinos (Gene Tools, LLC,OR) designed against olSfrp1 are the following: Mo1: 5 0 -CTGTGTTTGTAG-GAACCTCGACTGG-3 0 ; Mo2: 5 0 -TGAACAGCACC GAAGCAGAGCCCAT-3 0 ; control morpholino containing five point mutations cMo: 5 0 -CTcTGTTTcTAGcAACgTCGAgTGG-3 0 (lower case indicates mismatch positions). Morpholinos were injected in a range of concentrations (0.06 -0.6 mM) which were tested for GFP blocking ability on a reporter mRNA. The pCS2/5 0 UTR þ GFP plasmid was constructed by PCR using the 40 bp upstream of the olSfrp1 start codon, fused in frame with the GFP coding sequence. The inhibitory efficiency of each morpholino was measured by quantisation of GFP intensity using the AIS software (Imaging Research, Inc.) Morpholino selected working concentration was 0.3 mM, which was injected into one blastomere of embryos at the two cell stage. At least three independent experiments were conducted for each marker and condition.
4.4. mRNA injections olSfrp1 coding sequence was cloned into the pCS2 þ vector using specific primers. pCS2 plasmids were linearised and in vitro transcribed using the SP6 Message mMachine kit (Ambion). The synthesised mRNA was purified using Quiaquick RNeasy columns (Quiagen), precipitated, quantified and injected resuspended in 1 £ Yamamoto Ringer (Yamamoto, 1975) into one blastomere of embryos at the two cell stage. All the injection solutions included 30 ng/ml of hGFP mRNA as a lineage tracer. Sfrp1 mRNA was injected at different concentrations (50 -250 ng/ml), and the induced phenotypes were dose dependent. Selected working concentration was 200 ng/ml.
Phylogenetic analysis
The nucleotide sequences encoding most of the cysteine-rich domain (CRD) of the Sfrp genes identified in human, mouse, chick, Xenopus, zebrafish and medaka were aligned. Phylogenetic analyses were performed with the PHYLIP package (Retief, 2000) . The results were plotted using the Treeview software package (Page, 1996) .
Note added in proof
An excellent revision of forebrain patterning has appeared during the editing of this issue (Wilson and Houart, 2004) .
